27
The synthesis and reactivity of early transition metal hydrides 28 has been reviewed and the hydride donor abilities of some metal diphosphine 29 and formyl 30 complexes studied.
A selection of reviews of catalytic reactions or processes where organometallic species are prominent include an historical perspective of 30 years of the crosscoupling reaction, 31 metal-mediated hydrodehalogenation of organic halides,
32
silicon-based cross coupling reactions, 33 halide effects in transition metal-mediated catalysis, 34 aryl-aryl bond formation, 35 development of C-C bond formations catalysed by late transition metals in air and water, 36,37 enantiomerically pure planar chiral organometallic complexes via facially selective π-complexation, 38 and inventing reactions for atom economy. 39 Organometallic catalysis performed in ionic liquids, 40 under the action of a microwave field, 41 on dendrimer 42 and solid supports 43 have also been reviewed.
Reviews have been published of cationic transition metal-mediated stereo-selective alkene polymerisation reactions, 44 and aqueous catalytic polymerisation using transition metal complexes. 45 Computational insights into the polymerisation of polar alkene monomers have also been investigated, 46 as has the production of low molecular weight oxygenates from ethene and carbon monoxide. 47 The behaviour of 1,n-eynes in the presence of transition metals, 48 transition metal complexes of 1,3-diynes, poly-ynes and related compounds, 49 and metal catalysed [3 ϩ 2] cycloadditions have also been reviewed.
50
Time resolved spectroscopic techniques have been used to probe the mechanism and dynamics of photochemical reactions including bond dissociation, isomerisation, and inter-ligand electron transfer. 51 Time resolved spectroscopy applied to the migratory insertion reaction has also been reviewed. 52 Known and new gas phase metal cyanide complexes have been generated by laser ablation and examined by mass spectrometry and proposed structures supported by DFT calculations. 53 
Titanium, zirconium, hafnium
In 2002 Group 4 organometallic chemistry was again dominated by the synthesis and study of metallocenes and their derivatives, and in particular application to alkene oligomerisation and polymerisation. The electronic influence of ring substituents and ansa-bridges in zirconocene complexes has been investigated by IR spectroscopy and supported by DFT calculations. 54 The syntheses of new titanium, zirconium, and hafnium() ansa-bridged metallocenes containing a GeMe 2 bridge, 55 SiMe 2 bridged unsymmetrical ansa-zirconocene complexes, 56 and ansa-titanocene that contain bridging C 5 and C 8 long aliphatic chains 57 have been reported. New indenyl-fluorenyl ansa-zirconocenes such as 5 have been used to regioselectively introduce allyl alcohol into non-polar polyolefins. 58 The chemistry of hybrid -Cp ligands in constrained geometry complexes have also been investigated. Examples include titanium and zirconium() Cp-phosphido, 59 Cp-imido, 60 and chiral-at-metal titanium and zirconium() Cp-amido complexes.
61,62
Phenoxy-imine and related Schiff base ligands systems have been investigated for titanium and zirconium()-mediated alkene polymerisation reactions, 63 particularly fluorinated derivatives, 64-67 and a potential radical deactivation mechanism of this class of polymerisation catalyst identified. 68 Other group 4 systems studied for alkene polymerisation include titanium() iminoimidazolidides, 69 
78
Intermolecular C-H and C-F activation by group 4 complexes include computational evidence for the role of alkane adducts in selective C-H activation by titanium amido complexes 79 and activation of arene C-H bonds by cationic hafnium() silyl complexes. 80 The mechanism of C-F activation of nonperfluorinated alkenes 81 
83
New ligand systems applied to group 4 include complexes of 3a,7a,-azaborindenyl, 7 an isoelectronic analogue of indenyl, 84 and a zirconium () complex of a partially hydrogenated corranulene ('buckybowl'). 85 The first structurally characterised
Ϫ is mononuclear with T d symmetry. 86 The structure of the decamethytitanocene complex, 2 [Cp* 2 Ti III ][BPh 4 ] shows two agostic C-H bonds and the reactivity of this complex in the presence of fluorocarbons is reported.
2 The Cp* ring that does not participate in agostic bonding is η 5 whilst the other is slipped back resulting in two shorter Ti-C Cp* distances of the carbons that are attached to the agostic methyl groups. In agreement with theoretical work a bent metallocene geometry is adopted. On addition of fluorobenezene an η 1 -FC 6 H 5 adduct is formed that no longer exhibits agostic bonding. Comparison between zirconium() dicarbonyl complexes of Cp* and the phosphacyclopentadienyl C 5 Me 4 P showed that C 5 Me 4 P should be considered a poorer π-base that Cp*.
87
Other metal-based transformations of organic ligands include the unusual reactivity exhibited by 2 equivalents of the metal-based titanium() radical [Ti(N t Bu-(3,5-Me 2 C 6 H 4 )) 3 ] that cleaves the C-C bond of symmetrical 1,4-diketones to give the corresponding titanium enolates. 88 Half-open zirconocenes prepared from reaction between [ZrBrCl 2 (η
8 that based on X-ray crystallography is possibly best described as a zirconium() enediyl complex, 89 and the formation of 1,2,3,5-tetrasubstituted benzenes via formal C-C double bond cleavage of zirconacyclopentadienyls has been described.
90
Finally an application of diffusion-ordered NMR spectroscopy (DOSY) has been reported for reaction between 13 
103
Hydrogenation of aromatics 104 and intramolecular hydride transfers to aromatic rings have been studied and an investigation into dihydrogen addition to [Ta(CH 2 )-(η 5 -C 5 Me 5 ) 2 (H)] using parahydrogen has also been reported.
105
Insertion processes of a series of niobium() alkyl and alkyne complexes have been investigated and supported by DFT calculations 106 and the coupling of 1-aza-1,3-butadiene and iminoacyl ligands to give amido-imido complexes of tantalum() reported. 107 The synthesis of organotantalum reagents and conjugate additions to enones has also been reviewed.
108
An unusual reaction reported between Nb ϩ and C 6 F 6 in the gas phase gives multiple C-F bond cleavage leading to the formation of difluorohexatriyne and [NbF 4 ] ϩ that was analysed by mass spectrometry techniques.
109

Chromium, molybdenum, tungsten
Two articles charting the discovery and study of bis(benzene)chromium give an interesting account of this prototypical transition metal arene complex. 114 Structural and spectroscopic studies have been used to investigate the bonding of alkynes to chromium arene complexes as a function of chromium oxidation state. 115 A new series of homoleptic σ-bonded arene chromium complexes [Cr-
nϪ (n = 0-2) have been prepared that show interesting structural features. For n = 2 the chromium() ion exhibits a square planar geometry whereas for n = 1 the chromium() ion is pseudooctahedral due to two additional Cr-Cl interactions.
116
The bis(indenyl) chromium() complex 13 has a high spin state whereas 14 exhibits a low spin state due to restricted rotation of the indenyl rings allowing the possibility of using restricted rotation as a means of spin state manipulation in these systems.
117
The structural effect due to Jahn-Teller distortion in the high spin chromium() complex [Cr(η 5 -C 5 Me 5 )(Tp)] has also been studied.
118
DFT, NMR spectroscopy, and X-ray crystallography have been used to investigate the bonding in the unusual trigonal prismatic structure of tris(cis-1,3-butadiene)-molybdenum 15 and related complexes with the conclusion that metallocyclopentene resonance structures rather than π-bonded di-olefins offer a more accurate representation of the bonding. 119 A neutron diffraction study of a tungsten methylidyne complex has confirmed the linearity of the M-C-H vector.
120
In the field of C-H activation theoretical studies of the spin crossover transition states for the addition of methane to a series of group 6 metallocenes including ansaderivatives, 121 
Manganese, technetium, rhenium
Reviews of the medicinal uses of organometallic technetium compounds for radiopharmaceuticals and particularly for the receptor function of the central nervous system have been published.
142-144
The study and reactivity of alkyl rhenium oxides including the structure and vibrational properties of [ReEtO 3 ] have been investigated by electron diffraction, X-ray crystallography, IR spectroscopy and DFT calculations. 145 The 147 has shown evidence for rhenium methylidene species relevant to the use of this class of complex as metathesis catalysts. Reactivity studies of methyl rhenium() oxo complexes that catalyse the sulfoxidation of thioethers to sulfoxides have also been isolated. 148 In a further study an usual methyl migration shown in Scheme 1 from Re to a coordinated thiolate sulfur ligand mimicking the conversion of ,-homocysteine to -methionine in vitamin B 12 has been observed. 149 The synthesis and reactivity of methyl complexes of five coordinate rhenium() dioxo and diimido complexes have also been reported.
150
Alkene complexes of group 7 metals have also been of interest. Manganese() and rhenium() hydride, vinylidene and allenylidene complexes of a triphosphorus macrocycle have been isolated. 151 The stereoselective alkene binding to chiral
ϩ of a number of 1-enes have been studied using molecular mechanics, semiempirical quantum mechanics and DFT, with the aim of aiding ligand design. 152 DFT calculations have been used to investigate the acetylene to vinylidene isomerisation in [Mn(η 5 -C 5 H 5 )(CO) 2 (HCCH)]. 153 A redetermination of the single crystal X-ray structure of [Mn(bis(cis-1,3-butadiene))CO] supported by DFT calculations to determine accurate C-C bond lengths in the butadiene moiety has been reported. 154 A similar conclusion to that of a related study 119 showed that the original interpretation of the X-ray data gave too disparate internal and terminal C-C bonds lengths. Photon electron spectroscopy and DFT calculations have been used to compare the electronic structures of alkyl and hydride complexes of the moiety {Re(η 
156
Time resolved IR and flash photolysis have been used to investigate reactive intermediates relevant to the carbonylation of MeMn(CO) 5 and determine activation parameters.
157 Relevant to Fischer-Tropsch an unusual reaction between [Mn(CO) 5 -(Si(p-Tol) 2 H)] (Tol = tolyl) and hydride transfer agents leads to reduction of the carbonyl ligands followed by Si-C and C-C bond formation to give MeSi(p-Tol) 2 OH and EtSi(p-Tol) 2 OH.
158
Addition of N-H and S-H bonds across rhenium allenylidene complexes 159 Ϫ6 s Ϫ1 is obtained. The mechanism entails a unidirectional anticlockwise movement of the CO ligand and only one Br atom, which differs from the proposed isomerisation in solution. 164 
Iron, ruthenium, osmium
Reviews on ruthenium and osmium porphyrin carbene complexes and their connection to metal-mediated cyclopropanation of alkenes 165 and ground and excited state reactivities of cationic sandwich and half-sandwich complexes of iron() have been published.
166
Developments in metathesis reactions have occurred with the synthesis of new active ruthenium() catalysts. A N-heterocyclic carbene ligand containing a binaphthyl substituent induces excellent enantioselectivity for some ring-opening/cross metathesis reactions in air, 167 and a functionalised alkylidene incorporating a hemilabile ether moiety has been investigated for ring closing metathesis. 168 A DFT study on the mechanism of olefin metathesis using ruthenium() N-heterocyclic carbene complexes has also been investigated. 169 In related chemistry a very rare example of a terminal carbide ligand has been isolated originating from a unique carbon atom transfer reaction as shown in Scheme 2. 170 The copolymerisation of ethene and polar monomers has been investigated using iron() bisiminopyridine complexes. Copolymerisation studies of ethene and polar monomers such as methylmethacrylate, vinyl acetate and vinyl chloride have been reported 171 and a detailed investigation by NMR spectroscopy outlines the elimination processes that terminate chain growth.
172
Unusual intramolecular C-H activation studies have been prevalent for a number of ligand systems including a ruthenium() N-heterocyclic carbene (that also exhibits C-C cleavage).
173 Double C-H activation of bis(di-tert-butylphosphino)pentane to give a ruthenium alkene 18 and an osmium carbene 19, 174 a triple C-H activation reaction to give complex 20, 175 and reactions of RuCp and RuCp* alkyl complexes that exhibit a range of intramolecular C-H activation events are also described.
176
Intermolecular C-F activation of vinyl fluoride by Os() complexes has also been studied.
177
Scheme 2
A range of studies examining the fluxionality and isomerisation of hydrocarbyl ligands have been reported including ruthenium() dihydride complexes using parahydrogen, 178 
185
Interesting developments in catalysis include the iron-catalysed cross-coupling of alkyl Grignards and aryl chlorides, tosylates and triflates. 186 For the substrates examined the reaction times were very short and catalysis performed under ligand free conditions. Unusual ruthenium-catalysed oxidative Heck reactions have also have also been studied. 187 New classes of catalyst include a ruthenium() bis(N-heterocyclic carbene)pyridine for the hydrogenation of carbonyl compounds, 188 chiral ester functionalised Cp complexes of iron(), 189 and new ferrocenyl ligands exhibiting excellent enantioselectivities for asymmetric hydrogenation of amino acid synthesis.
190
A linkage isomer of decaphenyl ferrocene has been isolated and structurally characterised and contains η 5 -C 5 Ph 5 cyclopentadienyl and η 5/6 -C 5 Ph 5 arene coordination.
191
Based on structural data the bonding of the arene coordinated ligand appears to lie somewhere between an η 5 mode 21 and a zwitterionic η 6 mode 22. Other group 8 arene chemistry includes CpFe ϩ induced amination of chloroarenes in water to give η 6 -aminoarene complexes, 192 the synthesis, structures and dynamic NMR spectra of η 6 -C 6 Et 6 complexes of ruthenium() and ruthenium(), 193 and alkyne coupling to give regio-and chemoselective formation of η 6 -arene and pyridine complexes. 194 The reaction between [Fe(CO) 5 ] and diaminoacetylene has lead to the characterisation and isolation of elusive alkyne and ferrabicyclobutenone complexes 195 and alkylidene and vinylidene pincer complexes have been prepared from reaction between ruthenium() and osmium() hydrides and alkynes. 196 Insertion of aminoalkynes into ruthenium() allenylidene to give unusual cumulene complexes 197 and the synthesis of iron() cyclynes similar to 4 has also been studied. 
200
The first example of a 12 electron three coordinate iron() methyl complex 23 has also been prepared and structurally characterised. The bulky β-diketiminate provides the steric protection for these low coordinate complexes. Future studies of this compound and other three coordinate derivatives may give some insight into the low coordinate metal sites present in some metalloenzymes.
3,179
Cobalt, rhodium, iridium
Inter-and intramolecular C-H and C-F activation reactions mediated by group 9 metals were very prominent. Studies of intermolecular C-H activation leading directly to useful products include stoichiometric and catalytic borylation of aromatic compounds at room temperature using iridium complexes, 201,202 theoretical insights into the rhodium catalysed borylation of alkanes, 203 the rhodium and iridium catalysed hydrogen/deuterium exchange into organic compounds in D 2 O, 204,205 combined computational and experimental studies on PCP pincer iridium catalysed acceptorless dehydrogenation of alkanes and thermodynamics of addition of H 2 , CO, arene and alkane to these complexes, 206,207 and a rhodium catalysed C-H activation facilitating intermolecular coupling of isomerisable alkenes with heterocycles.
208
Other intermolecular activation studies include a concept article on rhodium() chelation-assisted C-H and C-C activation, 209 associated investigation of C-H activation of alkenylarenes on addition to CpRh complexes 210 and abnormal ligand binding and reversible ring hydrogenation in the reaction of imidazolium salts with [IrH 5 (PPh 3 ) 2 ] . 211 The electronic and medium effects on the rate of C-H activation by cationic iridium() complexes have also been examined. 212 Interesting examples of C-C bond cleavage of organic nitriles mediated by rhodium() 213 and iridium() silyl complexes 214 have been discovered and an example is shown in Scheme 3.
Intramolecular C-H activations include the first example with N-heterocyclic carbenes of rhodium and iridium 215 and related substituted benzimidazoles that contain an N-heterocyclic carbene on the reaction coordinate. 216 An interesting iridium() system with an agostic tert-butyl but a non-agostic iso-propyl group has also been reported. Theoretical calculations indicate that intra-ligand interactions compete with agostic bonding.
217
Several examples of C-F activation have been reported including dihydrogen induced conversion of an iridium() coordinated CF 3 to CO, 218 conversion of hexafluoropropene to 1,1,1-trifluoropropane,
219
diastereoselective C-F bond activation of iridium perflouroalkyl methyl complexes coupled with C-C bond formation, 220 formation of rhodium() and iridium() η 2 -flourobenzyne complexes such as 24, 221 and intramolecular dehydrofluorinative coupling of Cp* and pentafluorophenylphosphine ligands in rhodium() complexes.
222
Complexes containing group 9 metals in unusual oxidation states include a rare example of a rhodium() complex 25, 223 an ESR study of cobalt(0), rhodium(0) and iridium(0) complexes of tropylidene phosphines 224 and cobalt(Ϫ) in [Co(η 4 -anthracene) 2 ] Ϫ .
225
Several N-heterocyclic carbene complexes and their chemistry have been investigated. Chelating bis(carbene) pyridine complexes of rhodium() catalyse the hydrogenation of imines 226 and iridium() complexes the transfer hydrogenation of ketones.
227 Catalytic alkene hydrogenation using N-heterocyclic carbene-phosphine complexes of iridium has been studied using parahydrogen NMR spectroscopy. 228 An equilibrium between a tertiary phosphine and an N-heterocyclic carbene has been observed for [Co(η 5 -C 5 H 5 )Me 2 (PPh 3 )] and thermodynamic parameters determined.
229
Related rhodium() and iridium() complexes of the non-cyclic carbene bis(diisopropylamino)carbene have been isolated for the first time. IR spectroscopy of rhodium() carbonyl carbene complexes indicate that this class of carbene is the most basic carbene ligand known to date.
230
A review of C-C bond formation in reactions between alkynes and group 9 metals to give cumulene complexes and conjugated alkenes has been published. 231 Other cumulene complexes include the first structurally characterised transition metal complex with a M᎐ ᎐ C᎐ ᎐ C᎐ ᎐ C᎐ ᎐ CR 2 (M = Ir) moiety, 232 and the preparation and use of iridium cumulenes. 233 An IR and Raman spectroscopic study of rhodium() vinylidene and carbonyl complexes coupled with DFT calculations has also allowed evaluation of the Rh-C bond strength free from mass effects. 234 Iridabenzenes and their valence isomers including the transformation from iridabenzene 26 to η 5 -cyclopentadienyl 27, 235 and Tp complexes that exhibit a metallocyclopentene to metallocyclopentadiene-alkene reaction have also been investigated.
236
Articles describing, or of relevance to, catalytic reactions of group 9 metals that have not been mentioned above include the detection by in situ IR spectroscopy of the 'missing link' [HRh(CO) 4 ] for the first time, 4 the use of parahydrogen for the detection of rhodium and iridium species present in very low concentration during hydroformylation of alkenes, 237,238 the nature and roles of catalytic promoters in late metal carbonylation reactions, 239 and a DFT study of cobalt-mediated alkene polymerisation which detects an inverse isotope effect due to a β-agostic interaction in the resting state of the catalyst [Cp*Co(Et)(P(OMe) 3 )] ϩ . 240 Important alkyl coupling reactions have also been investigated including cobalt-catalysed Heck-type reactions between alkyl halides and styrene 241 and alkyl halides and allylic Grignard reagents.
242
The direct observation and mechanism of aldehyde insertion into rhodium() aryl and alkoxide complexes has also been reported and intermediates characterised.
243
Aesthetically pleasing compounds include the synthesis of the iridium complex 28 that contains four types of Ir-C σ-bonds 244 
249
The fundamental understanding of C-H bond activation using group 10 metal complexes and its application to organic synthesis received considerable attention in 2002. These include the ligand and electronic effects of C-H bond activation in arenes by cationic platinum() diimime 250 and bisphosphine complexes, 251 the latter concomitant with C-C coupling to give platinum bound bridging biaryls. The volume of activation of benzene C-H activation in platinum() diimine complexes has also been measured. 252 Alkyl ligand exchange with alkanes for platinum() cationic complexes has been studied 253 and a novel platinum() olefin hydride 30 for alkane activation studies prepared. 254 The complex [PtMe(H) 2 Tp] has also been shown to form a σ-CH 4 complex that is kinetically resistant to methane liberation 255 and the metal has been shown to be the kinetic site of protonation in diimine platinum() dimethyl complexes. 256 The application of asymmetric activation to an sp 3 hybridised C-H bond using platinum() complexes for the total synthesis of (Ϫ)-rhazinilam has also been elegantly demonstrated. 257 Theoretical work includes a DFT study on the mechanism of C-X (X = Sn,Ge, Si, C, H) activation in [M(PH 3 ) 2 ] (M = Ni, Pd, Pt) investigating the orientation of the substrate with respect to the MP 2 plane prior to oxidative addition. 258 The conversion of methane to methanol using a palladium() chelating N-heterocyclic carbene complex has been investigated, 259 DFT studies on the stability and thermodynamics of PtCl 2 derived catalysts for the activation of methane to methanol at low temperature in concentrated sulfuric acid 260 and related theoretical work on the β-hydrogen elimination reactions of palladium and platinum alkoxide complexes have been published. 261 Structural and mechanistic investigations of the reaction between [PtMe 2 (tmeda)] and dioxygen to give the methoxy-hydroperoxy compound [Pt(CH 3 ) 2 (OCH 3 )(OOH)(tmeda)] have also been performed. 262 Selective palladium-catalysed oxidative coupling of analides with olefins via C-H activation at room temperature, as shown in Scheme 4, is a good example of a Heck-type coupling reaction that avoids stoichiometric quantities of salt waste.
263
Other reactions incorporating C-X bond cleavage include routes to fluorinated organic derivatives by nickel-mediated C-F activation of heteroaromatics, 264 nickelmediated C-F activation in the presence of a C-Cl bond, 265 temperature dependent C-H or C-F cleavage in platinum() arylamides, 266 C-C bond cleavage of aromatic nitriles using nickel(0) complexes, 267 C-N cleavage and formation in nickel-aziridine chemistry, 268 and thermal and photochemical C-Si bond activation of Me 3 SiCCPh by platinum(0).
269
N-Heterocyclic carbene complexes of group 10 metals continue to be developed and applied to a number of catalytic processes including the meta-cyclophane nickel() complex 31 that adopts a saddle-shape, 270 the first example of simple oxidative addition of an aryl chloride to a palladium(0) bis-N-heterocyclic carbene complex, 271 cationic and neutral palladium() methyl complexes, 272 palladium-catalysed Suzuki cross-coupling of aryl chlorides at room temperature, 273 chiral palladium() N-heterocyclic carbene-oxazoline complexes, 274 tridentate pincer bis-carbene ligands 275 and palladium() allyl complexes 276 for a range of C-C coupling reactions, palladium-catalysed telomerisation of 1,3-dienes and alcohols, 277 and nickel()-catalysed alkene dimerisation. 278 Of relevance to some catalytic reactions is a combined theoretical and experimental study of a reductive elimination mechanism in a tridentate bis-carbene pyridene palladium() methyl complex.
279
Polymerisation and copolymerisation using group 10 derived catalysts continues to be an active area of research, particularly the incorporation of polar monomers into polymer products. Detailed DFT studies have attempted to outline the challenges for the copolymerisation of alkenes and N-containing polar monomers, including nitriles and amines, using nickel() and palladium() precatalysts.
280,281 Experimental investigations include a comparison between early and late metal (palladium) catalysed polymerisation of polar monomers that describes the importance of relative rates of insertion and substitution 282 and the copolymerisation of ethene and alkylacrylates.
283
In palladium-catalysed ethene/CO copolymerisation studies using a new class of o-alkoxy phosphine ligand, a non-perfectly alternating copolymer was obtained for the first time, 284 a charge neutral zwitterionic palladium() complex 32 has been developed, 285 and the effects of various P-N donor ligands investigated. 286 In related chemistry palladium hydrido-solvento complexes for the catalytic methoxycarbonylation of ethene to methyl propanoate have been studied by spectroscopic and structural methods, 287-289 and platinum() and platinum() acyl and formyl complexes characterised.
290
The synthesis and reactivity of a rare three-coordinate nickel(0) carbene complex 33 has been investigated 291 and the σ-and π-bond activation at Pd᎐ ᎐ X (Sn, Si, C) bonds in the complexes [Pd(H 2 PC 2 H 4 PH 2 )(XH 2 )] studied by DFT.
292
Novel nickel() and palladium() azuliporphyrins 34 have also been isolated that retain cross-conjugated borderline aromatic structures as judged by UV-Vis and NMR spectroscopy, 293 and a new family of square-planar nickel() carbonyl derivatives including cis-[Ni(C 6 F 5 ) 2 Cl(CO)] prepared.
294
